Generating and detecting a prescribed single-electron state is an important step towards solidstate fermion optics. We propose how to generate an electron in a Gaussian state, using a quantumdot pump with gigahertz operation and realistic parameters. With the help of a strong magnetic field, the electron occupies a coherent state in the pump, insensitive to the details of nonadiabatic evolution. The state changes during the emission from the pump, governed by competition between the Landauer-Buttiker traversal time and the passage time. When the former is much shorter than the latter, the emitted state is a Gaussian wave packet. The Gaussian packet can be identified by using a dynamical potential barrier, with a resolution reaching the Heisenberg minimal uncertainty /2. [6, 7] , have been experimentally and theoretically done for this class [8] [9] [10] [11] .
Generating and detecting a prescribed single-electron state is an important step towards solidstate fermion optics. We propose how to generate an electron in a Gaussian state, using a quantumdot pump with gigahertz operation and realistic parameters. With the help of a strong magnetic field, the electron occupies a coherent state in the pump, insensitive to the details of nonadiabatic evolution. The state changes during the emission from the pump, governed by competition between the Landauer-Buttiker traversal time and the passage time. When the former is much shorter than the latter, the emitted state is a Gaussian wave packet. The Gaussian packet can be identified by using a dynamical potential barrier, with a resolution reaching the Heisenberg minimal uncertainty /2. On-demand single-electron sources have been developed, opening a road towards a fermion version of quantum optics and related quantum processing [1] . They are formed in a two-dimensional electron gas (2DEG), and can be classified according to emission energy. A mesoscopic capacitor [2] and a Leviton pump [3, 4] emit electrons at Fermi energy, constituting one class. Significant steps, including the generation of a prescribed state [3, 4] , Hanbury Brown-Twiss effects [5] , and singleelectron quantum state tomography [6, 7] , have been experimentally and theoretically done for this class [8] [9] [10] [11] .
A quantum-dot (QD) pump [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] belongs to another class. It emits hot electrons of ∼ 100 meV above the Fermi energy and has been studied for metrology [16, 19] . Its applications to fermion optics are complementary to those of the former class, and plausible as scattering of the hot electrons by phonons and other electrons rarely occurs [24] [25] [26] . Controllability of its emission energy is an important merit absent in the first class. This direction to fermion optics has been considered only recently [21] .
For various purposes of the direction, it is crucial to realize a QD pump emitting a prescribed electron wave packet of a useful form. How to pump such states is a nontrivial question that requires an understanding of the latter half (emission process) of one pump cycle. This process has been little considered theoretically, while the first half (capturing) was analyzed [14] for pump accuracy. State evolution in the emission involves complications from nonadiabatic operations and tunneling through a QD barrier; how the shape of a wave packet changes by tunneling is a basic question that has not been addressed. As we show below, the change is governed by competition between Landauer-Buttiker traversal time [27, 28] τ tun , a characteristic scale of tunneling, and passage time [29] τ p for a packet to evolve into an orthogonal state. In addition, a detector for measuring an emitted packet is crucial for fermion optics. It has not been analyzed, although it was addressed [22, 24] .
In this Letter, we show, analytically and numerically with realistic parameters, that a single-electron Gaussian packet can be emitted, without fine-tuning, from a QD pump under a strong magnetic field. When an electron is adiabatically captured in the QD, it then evolves into a coherent state, insensitive to details of the emission process, provided that the magnetic field is sufficiently strong. When the coherent state is emitted through a QD barrier, it becomes a single Gaussian packet in the regime of τ tun τ p and a series of log-logistic packets [30] for τ tun τ p . The emitted state can be experimentally identified by using a dynamical potential barrier, with a resolution reaching the minimal uncertainty /2.
We emphasize our general findings. First, for electron dynamics in a time-dependent confinement potential in 2D, a strong perpendicular magnetic field B = Bẑ is FIG. 1. QD pump with realistic parameters [24] . (a) Gates G1 and G2 (blue) with voltages VG1 and VG2 form entrance and exit barriers in a GaAs 2DEG (green) located at 70 nm below. A magnetic field of 14 T is applied. (b) VG1 changes adiabatically and then abruptly in the emission process. VG2 is fixed. (c) Numerical result at the times s denoted by circles in (b). The ground state at s = 0 evolves to a coherent state (cone) moving along the E × B drift (curve) as the barriers rise. Inset: Schematic plot of τtun(E) and |tE | 2 .
as useful as adiabatic and sudden regimes: A Gaussian packet of width l B evolves into a coherent state moving along the classical E × B drift, as long as the confinement has a size much larger than magnetic length l B = /(|e|B) and changes slowly in time scale ω −1 c . Here ω c = |e|B/m * e is the cyclotron frequency of electron charge e and mass m * e . Second, wave-packet tunneling dynamics is governed by τ tun and τ p . The character of a packet (except its velocity) is preserved in tunneling when τ tun τ p , while it is lost and the packet splits into partial waves of different energy when τ tun τ p . Coherent state in a QD pump.-A QD pump is formed in a 2DEG by gate voltages V G1 and V G2 and driven by modulating V G1 ; see Fig. 1 . In the capturing process of each cycle, electrons are confined in the QD. In the emission process, they are emitted through the exit barrier, as the entrance barrier becomes sufficiently large. We focus on the regime that only one electron is captured in the QD and occupies the ground state in the capturing. This regime occurs when V G1 adiabatically changes at a low temperature [31] . Recent experiments [15] demonstrated a single-electron capture, with suppressing excitations in the capturing process.
Time evolution of the captured electron in the emission process is not trivial, since the QD confinement potential U QD nonadiabatically changes in time s. Perhaps surprisingly, a strong magnetic field makes the evolution simple and insensitive to process details. At a time s = 0 of the capturing process, the electron is in the ground state of the QD. When ω c the QD confinement frequency ω 0 , the ground state is Gaussian. To see its evolution, we consider a Hamiltonian H QD = (p−er×Bẑ/2) 2 /(2m * e )+U QD (r, s), where p and r are electron momentum and position, respectively. We find [32] that its time evolution ψ(r, s) is well described by Time scales.-The emission dynamics of the coherent state through the exit barrier is governed by the time scales of the barrier and the state. The exit barrier at a given time is modeled as a saddle potential of
b,y y 2 )/2 with frequencies ω b,x/y and constant U saddle . A plane wave of energy E, moving along an equipotential line in the QD, has transmission amplitude t E through the barrier [36] :
is the energy window where |t E | 2 varies with E and has the same order with QD level spacing ω 2 0 /ω c as ω b,x/y ω 0 typically. The traversal time τ tun ≡ ∂ ln t E /∂E, during which the plane wave passes through the barrier, is expressed [27, 28] as (see Fig. 1 )
The barrier is characterized by ∆, τ tun , and the speed v U of its height change by V G1 (s). The coherent state with drift speed v has passage time [29] τ p = √ 2l B /v for it to evolve into an orthogonal state. It has travel time τ d 2πω c /ω 2 0 for circling once along the QD circumference. After emitted, the state has an energy distribution with peaks separated by v U τ d within a window of ∆, since its transmission probability through the barrier increases whenever it arrives at the barrier.
In experiments [16] ,
We estimate v U ∼ 1 meV/ps, as V G1 changes with ∼ 10 mV/ps in the emission [37] . And for the setup in Fig. 1 , ∆ ∼ 0.4 meV, τ d ∼ 10 ps, and hence
Emission of a coherent state.-As V G1 changes, the coherent state propagates along the E × B drift around the QD circumference. Whenever it approaches with a sufficiently large energy to the barrier, it can be emitted out of the QD and then move along the 2DEG edge.
We derive the emitted state for v U τ d ∆, applying the following model (see Fig. 2 ) to the coherent state [Eq. (1)] after a time s 0 that the coherent state starts to be emitted through the barrier: The coherent state circles along a loop with constant velocity v, gaining spatially uniform potential energy U (s) by V G1 . U (s) increases with s and then stays at its maximum U mx at s > s mx , following V G1 (s) in Fig. 1 . The exit barrier, located at l = 0, is characterized by amplitude r E (t E ) with which the plane wave of energy E is reflected by (emitted through) the barrier. At time s 0 , the coherent state is located at l = 0 for brevity and has so low energy that t E = 0 within its energy window. The model is valid for v U τ d ∆, since |t E | 2 varies from 0 to its maximum in the time during which the state circles only once around the QD cir- cumference. We apply a time-dependent scattering theory [32] : (i) We attach the dynamical phase by U (s) to scattering amplitudes at l = 0 via gauge transformation as in a Floquet theory [38] , (ii) derive Fabry-Perot scattering states using the plane waves, and (iii) obtain the emitted state, computing the overlap between the coherent state and the scattering state at s 0 . The resulting emitted wave function is written as
> 0 is the retarded time by electron velocity v ed along the 2DEG edge with longitudinal coordinate
, and 0 is the energy of the coherent state at s 0 . The (n, m) term of ψ describes an electron that occupies the nth QD resonance state of kinetic energy E n at s 0 and is emitted after m circulations with amplitude t E nm m m−1 m =0 r E nm m ; each circulation leads to dynamical phase E n τ d / and Aharanov-Bohm phase φ AB ; the resonance obeys E n τ d / + φ AB = 2πn. This electron has energy E nm m ≡ E n + U (s rd − (m − m )τ d ) at the m th reflection (m < m) before its emission; energies are hereafter measured relative to U (s 0 ). e
is the overlap weight between the nth resonance and the coherent state. When U is time independent, Eq. 
Hence, the sum over n in Eq. (3) is done:
ψ is a series of Gaussian packets with positions separated by v ed τ d and amplitudes decreasing sequentially. Remarkably, when τ tun τ p , the emission instantly occurs and the character of the coherent state is preserved.
A single Gaussian packet of e
∆ (achieved in experiments [16] ), one controls V G2 to make the emission occur only at s > s mx with |t 0+Umx | = 1. Then, a single Gaussian packet is emitted as in Fig. 2(b) . Note that if |t 0+Umx | < 1, a series of Gaussian packets are generated as in Fig. 2(c) .
In the opposite limit τ tun τ p , the coherent state loses its character in the emission, splitting into resonance components. This limit occurs when |t 0+Umx | is small. Hence, the emission occurs mostly during the time interval of U (s) = U mx as |t E | is smaller before the time. The time interval is 100 ps typically [16] 
where s rd (> 0) is measured relative to s mx . In ( Fig. 2(d) .
In Fig. 3 , we numerically compute |ψ(s rd )| for the setup (including the 2D outside the QD) in Fig. 1 . It shows a single Gaussian packet at V G2 > −0.38 V and a series of log-logistic packets at V G2 < −0.41 V in agreement with Eqs. (4) and (5); we estimate τ p 1.4 ps, τ tun ( 0 + U mx ) 11 ps at V G2 = -0.41 V, and τ tun ( 0 +U mx ) 0.04 ps at V G2 = -0.4 V. This shows experimental possibility of generating a prescribed state by varying V G2 . Note that |ψ(s rd )| is weaker and shifted by τ d at V G2 below -0.43 V than above, since the coherent state is emitted after one more circulation due to the higher exit barrier.
The interference pattern at V G2 < −0.41 V in Fig. 3 , described in Eq. (5), can be experimentally measured by using a dynamical potential barrier (discussed later) or from electron current I p by the QD pump. In the latter, the emitted state is linked to I p = ef
, where x D is the detector position and f is the pumping frequency. ∂(I p /ef )/∂f shows the pattern.
Detection of a Gaussian state.-An emitted state can be identified by measuring current I T through a potential barrier induced by gate G3 (Fig. 4) , as shown experimentally [22, 24] . As below, it is useful for studying the emission dynamics of τ tun and τ p with a resolution reaching the Heisenberg minimal uncertainty /2.
The energy distribution |ψ(x D , E)| 2 of the emitted state [the Fourier transformation of ψ(x D , s)] is obtained from P E (U 3 ) ≡ (ef ) −1 ∂I T /∂U 3 , by measuring I T with time-independent barrier height U 3 . I T is written as I T = ef dE|ψ(x D , E)| 2 T 3 (E; U 3 ). T 3 (E; U 3 ) is the transmission probability at energy E through the G3 barrier of height U 3 . One has better resolution as ∂T 3 (E; U 3 )/∂U 3 → δ(E − U 3 ). We note that dU 3 P E (U 3 ) = 1, and a method for converting the value of V G3 to U 3 is known [25] . For the square barrier with height U 3 and width L, T 3 (E; U 3 ) ≈ exp(−0.083 U3−E meV L nm ) and the width of ∂T 3 (E; U 3 )/∂E is 150 nm L 2 meV; it is obtained by the WKB method. This means an energy resolution ∼ 10 −3 meV for L = 200 nm, which is much smaller than the energy width /τ p ∼ 0.66 meV of the Gaussian packet.
The arrival time distribution of the emitted state is defined [39] 
it is similar to the waiting time distribution [40] . To obtain A D (t), one rapidly raises U 3 from 0 to a large value ( the energy of the emitted state) at time s 3 and measures
1 where the time uncertainty τ p of the Gaussian state is much larger than the rise time /(v 3 τ p ) of U 3 (with speed v 3 [energy/time]) over the energy uncertainty /τ p . When V G3 changes by 1 V in 50 ps, v 3 ∼ 10 meV/ps [37] and the condition is satisfied as /(v 3 τ 2 p ) ∼ 0.03; τ p ∼ 1.4 ps at B = 14 T. In Fig. 4 , a whole process from the generation to the detection of a Gaussian packet is numerically simulated. The product of the resulting peak widths of P T and P E reaches about 1.1 times /2, which well matches (within an error ∼ 1/100) with the energy-time uncertainty directly obtained from the numerical result of ψ(x, s). The deviation from /2 is due to the finite change speeds of V G1 and V G3 ; the former can generate additional small packets in Eq. (4). In experiments, there can appear additional sources of deviation: The coherent state can be emitted into multiple Landau levels of the 2DEG (resulting in a non-Gaussian packet) rather than only into the lowest one, which is negligible at B 10 T where the spatial Landau-level separation l B ; scattering of an emitted packet by phonons and other 2DEG electrons is also negligible, as the mean free path of the packet is longer than 5 µm and tunable to be longer [24] [25] [26] .
Conclusion.-We found general dynamical properties (coherent-state motion and tunneling dynamics) of an electron wave packet in a 2D dynamic quantum dot under a strong magnetic field and demonstrated that a Gaussian packet can be generated and detected. We emphasize that almost the same Gaussian packet can be generated from nonidentical QD pumps. The generation will be useful for the experimental study of packet tunneling dynamics (τ tun versus τ p ), testing the efficiency of a wavefunction detector (whether reaching the /2 resolution limit), and investigating two-electron Hanbury BrownTwiss correlations (where two identical incident states are necessary) and two-electron Coulomb collision. The minimal uncertainty of the packet can be experimentally confirmed by using a dynamical barrier. It will be valuable to further develop P E and P T to the level of the single-electron quantum state tomography [6, 7] .
We We show that in a 2D QD formed by time-dependent confinement potential, the evolution of a Gaussian state with spatial width l B follows the classical equation of motion of a coherent state under the strong-magnetic-field conditions that the QD has a size much larger than the magnetic length l B and that the QD confinement potential U QD changes slowly in the length scale of l B and the time scale of ω −1 c . We derive Eq. (1) and the expression of the wave function overlap | ψ c |ψ | 2 mentioned in the main text. In order to elucidate the behavior and the validity of the result, we discuss an example, the time evolution of the ground state in a time-dependent anisotropic harmonic QD confinement potential.
We consider the ground state of the Hamiltonian H QD at initial time s = 0, and study its time evolution under
2 /(2m * e ) + U QD (r, s). Since at low energy the confinement potential U QD (s = 0) is well approximated as an anisotropic harmonic potential, the ground state can be approximately expressed [S3] as a Gaussian form with certain harmonic frequencies ω 0,x and ω 0,y , 
To compute the time evolution further, (i) the infinitesimal δs is considered so that the commutator between the kinetic Hamiltonian and U QD (r, s) is neglected in Eq. (S2), and (ii) at each instant s, U QD (r, s) is approximately expressed as
where U QD (r 0 , s) is the potential at the mean position r 0 of ψ(r, s) at time s. This Talyor expansion up to the second order is sufficient when U QD (r, s) − U QD (r 0 , s) is much smaller than ω c for |r − r 0 | < l B ; when the total potential U QD (r, s) + m * e ω 2 c r 2 /8 from U QD and the magnetic confinement is Taylor expanded around r 0 , the expansion up to the second order dominates over the higher-order terms. Note that the drift motion of the state evolution is described by the first two terms of Eq. (S3), while the anisotropic shape of the Gaussian form is determined by the last term of Eq. (S3). To compute the time evolution of the state, we apply Eq. (S3) to Eq. (S2) and perform Gaussian integrals, assuming that U QD changes slowly in time < ω s) )}] so that the anisotropic directions (the major and minor axes) of the Gaussian form align the rotated axes R(r c (s))x and R(r c (s))ŷ. Remarkably, We notice that the mean position r c (s) and mean momentum p c (s) of the state at time s are determined by the classical equation of motion (this is why we call ψ a coherent state),
Therefore, the ground state at the initial time s = 0 evolves in time, propagating along the E × B drift determined by ∂U QD (r, s)/∂r and the magnetic field. The shape (the width and the anisotropy) of the Gaussian wave packet are determined by A(s), B(s) and C(s), which are governed by the differential equations
where
The state in Eq. (S1) provides the initial condition of the differential equations in Eq. (S6). The solution of Eq. (S6) is 
−1/2 along the minor axis. When U QD is an isotropic harmonic potential, the Gaussian form is also isotropic with κ + = κ − . For general anisotropic QD confinements, the Gaussian form is anisotropic, but this effect is not significant in realistic QDs as discussed below. Thus, ψ(r, s) is well approximated as
In order to elucidate the behavior and the validity of the result, we discuss the time evolution of the ground state in a time-dependent anisotropic harmonic QD, U QD (r, s) = (ω 
We note that when ω 0,x(y) (s) is time independent, Eq. (S8) is identical to the result analytically obtained [S3] by diagonalizing the Hamiltonian. The overlap between ψ and ψ c is obtained as The second term means that ψ is well approximated by the Gaussian packet Eq. (S4) in a sufficiently strong magnetic field, and the last term shows that ψ(s) is well described by the isotropic Gaussian packet ψ c when U QD is not too anisotropic. For example when |ω 0,x (s) − ω 0,y (s)| is ∼30% of (ω 0,x (s) + ω 0,y (s))/2 (this is the value that we find in the numerical simulation of an realistic QD pump in Fig. 1 ), the second term of Eq. (S9) is less than 10 −2 .
TIME DEPENDENT SCATTERING THEORY
We here describe the scattering theory for the QD pump, which follows a Floquet theory [S2], and derive the emitted wave functions in Eqs. (3) and (5) .
In the regime of v U τ d ∆, the QD pump is simplified into a scattering model in Fig. S1 . The coherent state propagates along a loop of coordinate l which couples with the edge of the 2DEG outside the QD via the exit barrier located at l = 0. The loop represents the trajectory of the state at s > s mx . The state gains the potential energy U (s) by V G1 . U (s) increases linearly and then stays at its maximum U mx at s > s mx , following V G1 (s) in Fig. 1 . The exit barrier is parameterized by scattering amplitudes t E , r E , t E , and r E connecting plane waves of the QD (∼ Y e ikl , Y being the wave function in the transverse direction) and those of the 2DEG edge (∼ Y e ikx ) at the same energy E. The 2DEG edge states belong to the lowest Landau level, since the edge state of the higher levels are located farther from the exit barrier (by distance longer than l B ) hence the coupling from the QD to them is much weaker. At time s 0 , the coherent state has so low energy that t E = 0 within its energy window, and is located at l = 0 − for simplicity. We solve the scattering problem, using the gauge transformation where the dynamical phase by U (s) is attached onto the scattering amplitudes, as in a Floquet theory [S2]. We consider a phase Λ(l, s) = Θ(l −0 + )Θ(L − −l) s −∞ U (s )ds , where L is the total length of the loop, Θ(x) = 1 for x > 0, and Θ(x) = 0 for x < 0; in this Supplementary Materials, we use the convention of ≡ 1. Then the potential U and the vector potential A are gauge transformed as Φ = U (t) → Φ − ∂Λ/∂s = 0
After the transformation, the loop becomes time independent, and instead the coupling at l = 0 (at l = 0 + and l = L − ) between the loop and the 2DEG edge becomes time dependent, carrying the information of U (s). Then, to apply the gauge transformation, we decompose the loop into three regions, l ∈ [L − , L], l ∈ [0, 0 + ], and l ∈ [0 + , L − ], and we assign state amplitudes a 1 , b 1 , and c, to the regions; cf. Fig. S1(b) . For example, a scattering state incoming from the 2DEG edge can be decomposed into an incident edge state of amplitude a 2,E , an edge state with amplitude b 2,E outgoing from the coupling point, a loop state with amplitude 
ψ a1,E (s) = ψ c,E (l = L − , s)e −iφ(s) ,
